Abstract Parkinson's disease (PD) is associated with abnormal synchronization in basal ganglia-thalamo-cortical loops. We tested whether early PD patients without demonstrable cognitive impairment exhibit abnormal modulation of functional connectivity at rest, while engaged in a task, or both. PD and healthy controls underwent two functional MRI scans: a resting-state scan and a Stroop Match-to-Sample task scan. Rest-task modulation of basal ganglia (BG) connectivity was tested using seed-to-voxel connectivity analysis with task and rest time series as conditions. Despite substantial overlap of BG-cortical connectivity patterns in both groups, connectivity differences between groups had clinical and behavioral correlates. During rest, stronger putamen-medial parietal and pallidum-occipital connectivity in PD than controls was associated with worse task performance and more severe PD symptoms suggesting that abnormalities in resting-state connectivity denote neural network dedifferentiation. During the executive task, PD patients showed weaker BG-cortical connectivity than controls, i.e., between caudate-supramarginal gyrus and pallidum-inferior prefrontal regions, that was related to more severe PD symptoms and worse task performance. Yet, task processing also evoked stronger striatal-cortical connectivity, specifically between caudate-prefrontal, caudate-precuneus, and putamen-motor/premotor regions in PD relative to controls, which was related to less severe PD symptoms and better performance on the Stroop task. Thus, stronger task-evoked striatal connectivity in PD demonstrated compensatory neural network enhancement to meet task demands and improve performance levels. fMRI-based network analysis revealed that despite resting-state BG network compromise in PD, BG connectivity to prefrontal, premotor, and precuneus regions can be adequately invoked during executive control demands enabling near normal task performance.
Introduction
Parkinson's disease (PD) is marked by dopaminergic dysfunction in midbrain structures projecting to basal ganglia (BG) and affecting motor functions and cognition via interconnected corticostriatal circuits (Albin et al. 1989; Betchen and Kaplitt 2003; Damier et al. 1999) . Neuroimaging studies in PD have identified neural network changes of BG and motor areas affecting movement behavior, and BG-frontal cortex connectivity affecting cognition (Leisman and Melillo 2013) . Motor impairment is the main clinical feature of PD, but cognitive deficits, particularly those involving mental flexibility, conflict resolution, and executive control (e.g., planning, initiation and monitoring of actions) (Aarsland et al. 2003; Caballol et al. 2007; Dubois and Pillon 1997; Vandenbossche et al. 2011) , are frequently observed in the advanced stages of PD, and can emerge even at the early mild disease stages (Aarsland et al. 2010 ) and before treatment commences (Cooper et al. 1992) . Disturbances of executive functions in PD that involve conflict resolution and task switching (Greenhouse et al. 2013; Obeso et al. 2013) can affect planning and carrying through tasks in daily life (Dirnberger and Jahanshahi 2013) ; little is known about their neurofunctional correlates (Aarsland et al. 2003; Caballol et al. 2007; Dubois and Pillon 1997) .
Cognitive functions and action selection are mediated through the BG (Stafford and Gurney 2007) . This set of subcortical nuclei (globus pallidus, caudate, putamen) interacts closely with the thalamus, cerebellum, frontal and premotor cortices (DeLong and Wichmann 2007; McNab and Klingberg 2008) and forms a series of anatomically and functionally segregated circuits, and separable cognitive and motor BG loops (Graybiel et al. 1994; Middleton and Strick 2000; Pasquereau et al. 2007) . Dopamine signaling can modulate the dynamic synchronization of neural activity within and between brain structures (Dzirasa et al. 2009 ). Disruption of these circuits through the degeneration of dopaminergic neurons in the substantia nigra in PD potentially results in widespread changes in brain activity and connectivity (e.g., Costa et al. 2006; Fuentes et al. 2009; Martinu and Monchi 2013; Poston and Eidelberg 2012) .
Functional connectivity neuroimaging has been used in cognitively unimpaired PD to examine the brain's intrinsic functional architecture at a resting state. Although unimpaired on behavioral cognitive tests, PD patients demonstrated altered functional brain connectivity at rest that involved bilateral inferior parietal cortices and the right medial temporal lobe (Tessitore et al. 2012) . Other studies reported decreased resting-state connectivity in patients with mild PD, relative to controls, from substantia nigra/BG to several cortical regions including supplementary motor area (SMA) and dorsolateral prefrontal cortex (dlPFC) (Wu et al. 2012) , and in patients with advanced PD, from the striatum to thalamus, midbrain, pons and cerebellum (Hacker et al. 2012) . Notably, Helmich et al. (2010) reported a dissociated striatal connectivity pattern in mild PD, with abnormally weak posterior putamen and abnormally strong anterior putamen connectivity to somatosensory and motor cortical regions. Helmich et al. (2010) speculated that early in the course of PD the cortical sensorimotor system becomes partitioned into different cortico-striatal loops and that the cortico-striatal remapping may also impair cortico-cortical sensorimotor integration function. Greater than normal connectivity may indicate neurofunctional compensation with the anterior putamen compensating for the more-dopamine depleted posterior portions of the striatum (Helmich et al. 2010) . Similarly, greater than normal premotor cortical and cerebellar activity was observed in PD patients performing motor tasks and interpreted as compensatory (Catalan et al. 1999; Wu and Hallett 2005; Wu et al. 2014) . In animal models of PD corticostriatal plasticity was observed as sprouting of dopamine terminals (Song and Haber 2000) and diffusion of dopamine to more distant targets (Stanic et al. 2003; Strafella et al. 2005 ) enhancing interactions in corticostriatal circuits that are normally segregated (Bergman et al. 1998 ). Yet, when a specific pattern of functional connectivity signifies neural coherence necessary for network efficiency, extended activity to other regions can be a failure to keep neural coherence confined to that specific network and result in poor cognitive or motor performance. Such forms of network dedifferentiation have been reported in normal aging (Park et al. 2001) and in PD during the resting state and associated with motor symptoms (Baudrexel et al. 2011; Helmich et al. 2011; Yu et al. 2007 ). Thus, changes in the dynamic modulation of neural synchrony in frontostriatal and BG-thalamic-motor cortex circuits during rest and task involvement in PD patients may uncover the role of functional subcortico-cortical networking for motor functions and cognition.
To further understanding of the role of BG functional network connectivity in cognitive and motor control function and its modulation in PD, we used a modified Stroop task, i.e., the Stroop Match-to-Sample task (Schulte et al. 2011) . Typically, brain areas associated with Stroop conflict resolution are frontoparietal networks, including the dlPFC, anterior cingulate cortex (ACC) (Milham and Banich 2005) and posterior parietal regions (Liu et al. 2004; Schulte et al. 2009 Schulte et al. , 2011 . These cortical regions are closely connected with the BG forming cortico-BG loops (Arimura et al. 2013 ) that play an essential role in neuronal computational processes underlying controlled and automatic aspects of motor behavior (Wu et al. 2014 ) and cognition in PD (Lebedev et al. 2014) . The modified Stroop Match-toSample task tested motor control in addition to cognitive functions by manipulating response selection demands requiring subjects either to switch responses or to repeat the same response several times in a row. There is evidence that PD patients do well when engaging in more automatic behavior, and that executive functions are especially impaired when automatic behavior needs to be overridden (Cameron et al. 2010) . Accordingly, we expected no impairment in PD for task conditions that engage more automatic behavior, i.e., when responses are repeated (vs. switched) in no-conflict trials. However, mild PD patients will be impaired in cognitive conflict trials, when automatic processing of the word's meaning needs to be overridden for correct color matching. In addition, we expected normal controls to show conflict adaptation effects, expressed as less conflict with repetition, not PD patients.
Accordingly, we hypothesized that 1) at the behavioral level, PD patients' ability to exert cognitive control in a Stroop paradigm would be modulated by response demands such as response switching and repetition. We further assumed that 2) at the neurofunctional level, PD patients, relative to controls, would exhibit weaker BG functional connectivity for motor and cognitive circuits during rest and engage additional areas outside the main regions (of the corticostriatal network) during task processing. 3) Functional compensation versus dedifferentiation hypothesis: In principle, brain networks have the potential to enhance function with redistribution of resources (Schulte et al. 2011 ), but in PD, this likely comes at the expense of usurping functional reserve. We expect compensatory neural network engagement during task processing in mild to moderate PD but not during rest. 3a) Neural compensation: To demonstrate that alternative neural processes are in fact compensatory, any synchronous activity in mild PD not seen in the healthy aging comparison group should be associated with normal level performance (c.f., Davis et al. 2008) . 3b) Neural dedifferentiation: By contrast, if extended BG connectivity to additional regions outside the main network correlates with poorer performance and more severe clinical symptoms this would indicate network dedifferentiation and support a pathophysiological view of BG functional circuitry expansion in PD (see e.g., Martinu and Monchi 2013) .
Material and methods

Participants
Groups comprised 11 patients with mild to moderate Parkinson Disease (PD) (Gelb et al. 1999 ) and 11 agematched control (CTL) men and women (Tables 1 and 2) . PD participants were recruited from the Valley Parkinson Clinic and through a local Parkinson's support group; controls were volunteers from the community. Of the 15 patients who contacted us after hearing about the study, 11 completed the study, 1 moved out of the area, and 3 decided not to participate. Subjects had completed at least 8 years of education. All participants underwent a SCID interview, semi-structured health history interview, and general neurological examination. All were free of lifetime schizophrenia or bipolar disorder, neurological illness other than PD, medical conditions potentially affecting the CNS (e.g., stroke, diabetes), or MRI contraindications. PD patient inclusion criteria were the diagnosis of PD from a board certified neurologist, Hoehn and Yahr stages 1-2 (mild to moderate PD), no cognitive dementia (DRS-2; Jurica et al. 2004; cut-off score ≤132/144, Pedraza et al. 2010 ; for a discussion on cut-off scores for PD see e.g., Fernández de Bobadilla et al. 2013; Pirogovsky et al. 2014) . PD patients also underwent assessments of 'mentation' (part I), daily living (part II) and motor function (part III) with the Unified Parkinson's Disease Rating Scale (UPDRS; Fahn and Elton 1987) by trained clinicians. Written informed consent was obtained from all participants, and the Institutional Review Board of SRI International approved the study.
PD and control subjects were matched in age, gender, level of education, and handedness (Tables 1 and 2 ). Verbal IQ On average, the PD group had a greater body mass index (BMI) and reported more depressive symptoms (BDI-2) (Beck et al. 1996) than the control group (Table 1) . PD subjects showed mild to moderate symptoms, ranging between 1 (unilateral symptoms) and 2 (bilateral disease, without impairment of balance) on the modified Hoehn & Yahr staging scale (Fahn and Elton 1987; Hoehn and Yahr 1967) . Pharmacological treatment was not modified from previous regime during testing (c.f., Baglio et al. 2011) . The time since PD diagnosis was on average 3.1 (±3) years (range: 1 month to 8 years). Medication involved a combination of MAO-B inhibitors, dopamine agonists (DA), and levodopa (l-dopa) in 7 patients, 3 patients were taking MAO-B inhibitors alone, and 1 patient was not treated with any dopamine replacement at the time of the study; yet, at a follow-up phone interview more than a year after the study this patient reported taking DA/l-dopa medication and that the medication was effective in reducing PD symptoms. Levodopa equivalent daily dose (LEDD) was calculated for each patient (Herzog et al. 2003 ; http://www.birmingham.ac.uk/Documents/college.mds/trials/ b c t u / P D R e h a b / I n v e s t i g a t o r s / m e e t i n g s / 2 0 1 0 -2 / CSmithLEDReview.pdf) and was on average 473 (±484 SD) mg (Table 2) . LEDD was not related to UPDRS scores (all p>0.2) or Hoehn and Yahr staging (Rho=0.05, p=0.87) but was to longer duration since PD diagnosis (Rho=0.74*, p=0. 009).
Stroop Match-to-Sample task Subjects performed a Stroop Match-to-Sample task (Schulte et al. 2008 (Schulte et al. , 2009 (Schulte et al. , 2011 in the scanner. Stimuli were created and presented with PsyScope software. Subjects matched the color of a cue stimulus to the color of a Stroop target stimulus. The color cue was presented prior to the Stroop stimulus and either matched or did not match the font color of the Stroop target, which was either congruent (e.g., the word BLUE written in blue font) or incongruent (e.g., the word BLUE written in red font). Subjects were instructed to match the color of the cue to the font color of the Stroop target stimulus. They pressed a YES-key for cue-target color matches and a NO-key for nonmatches using index and middle fingers of their dominant hand, yielding accuracy and reaction time (Gelb et al. 1999) measures. The task used a blocked fMRI design with four blocks requiring response switches (mixed-response blocks) that contained both match (YES-response) and nonmatch (NO-response) trials; and four block requiring response repetitions (same-response blocks) that contained either match trials or nonmatch trials only. Trials presented in same-and mixed-response blocks were the same, only the order of trials differed. Each block had 6 trials; each trial started with a color patch presented for 700 ms, followed by an interstimulus interval of 700 ms, and then the Stroop color-word stimulus was presented for 700 ms; the intertrial interval was 2,660 ms. All participants performed a whole task run outside the scanner to ensure that the task instructions were understood and well practiced. Test instructions were further reviewed with the subject by the examiner in a short practice session (8 trials) before entering the scanner and also via the scanner's intercom system before the onset of the task run. The start of the task was preceded by a countdown of 11 sec. Lengths of scan and number of volumes collected were the same for the task and resting-state fMRI runs.
Behavioral Stroop data and Z-transformation
Errors and reaction times (RTs) were recorded for each trial. Individual mean RTs and standard deviations (SD) for correct responses were calculated for each Stroop condition. RT is a direct measure of performance that provides information on the effect of an experimental manipulation in milliseconds. To control for task difficulty and individual differences in response latencies (RT) for each participant regardless of diagnosis, we calculated individual z-scores for all Stroop task conditions. Z-scores were obtained by taking the individual's condition RT means, subtracting the overall mean (collapsed across conditions), and dividing by the standard deviation of the condition mean (Faust et al. 1999 ).
We used z-transformed reaction time data (z-scores) to test the relationships among Stroop task performance, Parkinson Disease severity, and functional connectivity strength. Ztransformation allowed us to study whether PD severity and brain functional connectivity measures are related to specific component processes of Stroop conflict processing (incongruent-congruent), attentional cueing (cue-target matchnonmatch), and response repetition-switching, thereby controlling for individual difference in overall response latency and condition difficulty (Faust et al. 1999 ).
Magnetic resonance imaging (MRI)
Structural and functional MR imaging data were acquired using a clinical whole-body GE 3T scanner. Subjects were placed comfortably in the scanner with cushions under neck, knees, and the sides of the head in the 8-channel GE head coil. In addition, a headband is fastened over the forehead as a reminder to keep as still as possible. During the 5-min restingstate fMRI scan session, participants were instructed to lie relaxed with their eyes open and not to think about anything in particular. A mirror mounted on the head coil enabled subjects to look out of the scanner. During the 5-min task-activated fMRI scan session, participants performed the Stroop Matchto-Sample task.
Data acquisition and analyses
Subject motion was minimized by following best practices for head fixation, and structural image series were inspected for residual motion. Whole-brain fMRI data were acquired with a T2*-weighted gradient echo planar pulse sequence (2D axial, TE=30 ms; TR=2,200 ms; flip angle=90°; in plane resolution=3.75 mm; thick=5 mm; skip=0 mm; locations=36; FOV=240 mm; 1 NEX). Instructions were reviewed with the subject by the examiner via the scanner intercom system before the onset of the task and the resting-state scans. Five dummy scan volumes (not saved to disk) were scanned to establish an equilibrium magnetization prior to task and resting-state image acquisition. A dual-echo FSE (2D axial; TR=5,000 ms; TE=17/102 ms; thick=5 mm; skip=0 mm; xy matrix=256; flip angle=90°; locations=36; FOV=240 mm; 1 NEX) was used for spatially registering the fMRI data. A field map for correction of spatial distortions in the echo-planar images was generated from a gradient-recalled echo sequence pair (TR=460 ms, TE=3/5 ms, thickness=5 mm, skip=0 mm, locations=36).
Image preprocessing was performed using the SPM8 software package (Wellcome Department of Cognitive Neurology; www.fil.ion.ucl.ac.uk/spm/software/spm8/). The fMRI analysis focused on the whole brain. Participants inclusion criteria for fMRI image analysis was head motion < 2 mm in any direction, and was met by all subjects for both the taskactivated and resting-state fMRI scan series. The functional images were subjected to geometric distortion (field map) correction and motion correction. The FSE structural images were co-registered to the mean unwarped and motioncorrected functional image for each subject and functional and structural images were normalized to Montreal Neurological Institute (MNI) space. Functional volumes were smoothed with a Gaussian kernel of 8 mm 3 (FWHM).
For functional connectivity analysis and group comparison, the SPM-based conn toolbox (www.nitrc.org/projects/ conn/) was used. Correlational analyses between the BOLD signal from an a priori selected seed and every other brain voxel during the entire acquisition condition (135 volumes) provided seed-to-voxel connectivity estimations for each subject. Movement parameters were entered as first-level covariates in the model.
Before averaging individual voxel data, the waveform of each brain voxel was filtered using a bandpass filter (0.0083/s<f<0.15/s) to reduce the effect of low-frequency drift and high-frequency noise. Several sources of spurious variance along with their temporal derivatives were then removed from the data through linear regression: signal from movement, signal from ventricular regions, and signal from the white matter. Global signal was not included as a regressor, given evidence that this may introduce spurious anticorrelations into the data (Murphy et al. 2009 ). Because further steps included between-groups comparisons, temporal connectivity maps were generated for each subject across the conditions. These images were then included in a second-level between-groups, randomeffects analysis.
Seed region selection
Subcortical seed regions were selected from the aal template (www.fil.ion.ucl.ac.uk/spm/ext/) and included the putamen, caudate nucleus, globus pallidus, and thalamus.
Second-level between-groups, random-effects analysis
Seed-to-voxel connectivity maps for each group were derived via individual time series correlations of activity over 135 time points, an index of synchronous activity, for task and resting-state scans. Within-group analyses describe seed-to-voxel correlations for each group that met criteria for statistical significance of p FWE-corrected < 0.05, with the maps thresholded at the peak level at p= 0.001 with k minimum extent =50 voxels. For between-group analyses, statistical thresholds for combined peak intensity and spatial extent were set at p FWE-corrected < 0.05 (Poline et al. 1997 ).
Statistical analyses
To examine whether Parkinson patients differed from controls in Stroop conditions testing cognitive control and response selection demands, we used mixed effects ANOVA with group (PD, CTL) as the between-subject factor and condition (rest, task) as the repeated-measures factor. For correlation analyses, we used 2-tailed Spearman's Rho correlations. Multiple linear regression analysis was employed to test for the combined effect of PD-related factors such as daily living symptom severity (UPDRS-II), motor symptom severity (UPDRS-III), years since PD diagnosis, and LEDD on Stroop component processes for response repetition and response switching. The alpha level was set to p<0.05 for all statistical tests; results significant at alpha levels FDR-corrected for multiple comparisons (Benjamini et al. 2001 ) are marked with a star *.
Results
Stroop Match-to-Sample task performance Both groups showed high accuracy rates and few errors. On average PD committed 7 (6 %) and controls (CTL) 3 errors (2 %), which was not significantly different between groups (t=1.79, p=0.09). Stroop task-derived response times (RTs) showed a trend to be slower in PD (mean of 910±333 ms) than CTL (mean of 708±68 ms) (t=1.97, p=0.075). Testing in each group whether individuals with faster responses committed more errors (i.e., lax response criterion) (Salo et al. 2001; Schulte et al. 2005) , we found the opposite effect, a positive correlation between response time and error count (CTL r=0.47, ns; PD r=0.64, p=0.034).
To test for the effect of PD on Stroop interference for the switching and repetition response blocks, reaction time data were submitted into repeated-measures ANOVA with Stroop (incongruent, INC vs. congruent, CON) and motor response (switching, RS vs. repetition, RR) conditions as within-subject factors and group (PD, CTL) as the between-subject factor. Main effects were observed for Stroop and motor-response conditions: longer RTs for incongruent than congruent Stroop words (F(1,20) (Fig. 1a) . This analysis was confirmed using Z-transformed scores correcting for individual differences in response latencies (Fig. 1b) .
PD severity, levodopa equivalent daily dose and Stroop task performance
Less severe impairment in daily living (UPDRS-II) was associated with greater Stroop effects during response switching (RS) due to benefit from congruent-match trials (match condition) (Table 3 , Fig. 2a) , and less severe motor symptoms (UPDRS-III) correlated with greater Stroop effects during response repetitions (RR) ( Table 3 , Fig. 2b ). Here, higher LEDD was, as a trend, correlated with the greater Stroop-RR effects for color-match conditions and this was mainly due to greater benefits from response repetition in congruent noconflict trials, i.e., response facilitation with higher LEDD (Table 3 , Fig. 2c ). LEDD was not correlated with overall response latency (Rho=0.02, ns), or the number of errors committed (Rho=0.52, ns).
Next, we used multiple regression analyses to test for the relative contribution of PD severity factors (UPDRS-II daily living, UPDRS-III motor scores LEDD, years since PD diagnosis, LEDD) to Stroop component processes. A regression model using years since PD diagnosis, UPDRS-II and UPDRS-III scores as factors explained 71 % of the variance of Stroop-match effects for response switching (RS) (F(3,7)= 5.57, p=0.029). Adding LEDD to the model did not add to the variance explanation of Stroop-RS effects (R 2 =0.71; F(4,6)= 3.58, p=0.08). Regression models testing for the relative contribution of these three factors to component Stroop-RS processes for 'benefit from congruent match trials' (ConRS) (F(3,7)=1.73, p=0.25), or 'interference from incongruent trials' (IncRS) (F(3,7)=2.69, p=0.13) were not significant.
For Stroop-match effects with response repetition (RR), a regression model with UPDRS-III and LEDD as factors explained together 55 % of the total variance of Stroop-RR effects (F(2,8)=4.81, p=0.042) with less severe motor symptoms (UPDRS-III, t=−2.52, p=0.036) and as a trend higher LEDD (t=2.12, p=0.067) contributing independently to Thus, within the patient group, those with more severe PD symptoms (UPDRS daily living and motor scores) exhibited smaller Stroop effects. We next tested for group similarities and differences in the functional basal-ganglia networks at rest and during task processing, and whether connectivity differences in PD relative to controls are associated with better or worse task performance.
Functional brain networks
For both, task and rest scans, seed-to-voxel connectivity analyses were performed for each a priori defined seed and group. Task-rest modulation of connectivity was modeled by using the opposite condition (rest/task) as regressor. We tested for group similarities, using conjunction analyses, and group differences, using contrast analyses, in basal ganglia-thalamo-cortical networks using striatal (caudate and putamen), globus pallidum, and thalamic seeds for whole brain connectivity analysis.
Striatum: Caudate connectivity
Group similarities (Fig. 3 , Suppl. Table 1 ) Both groups showed functional connectivity overlap during both the resting-state and the task between the caudate seed and inferior prefrontal, anterior cingulate, and temporal brain regions including the insula, anterior entorhinal cortex, and temporopolar areas.
Group differences (Fig. 4 , Tables 4 and 5) During the restingstate, PD showed more connectivity to thalamic and insula regions, and less connectivity to premotor, motor, and somatosensory regions than controls. During task processing, PD exhibited more caudate-prefrontal cortical connectivity and less connectivity to left temporoparietal regions than controls involving among other regions the supramarginal gyrus (SMG) ( Table 4 , Fig. 4.1 ). For task>rest, and when using an uncorrected threshold of p<0.001, PD showed stronger caudateprecuneus connectivity relative to controls (Table 5 , Fig. 4 .1).
Striatum: Putamen connectivity
Group similarities (Fig. 3 , Suppl. Table 2 ) Both groups showed putamen connectivity to inferior prefrontal, insula, superior temporal and parietal regions during rest, with additional connectivity to premotor and dorsal frontal regions during task processing. Fig. 3 Similarities in functional seed-to-voxel BG-and thalamocortical connectivity maps for resting-state (REST) and the taskactivated (TASK) fMRI runs for PD patients marked in red, and controls (CTL) marked in green, and the groups' overlap in yellow Group differences (Fig. 4 , Tables 4 and 5) During rest, PD showed less putamen connectivity to anterior prefrontal regions than controls (Table 4) . For task>rest, and using an uncorrected p-threshold, interactions indicated that PD, relative to controls, had weaker putamen-dorsal posterior cingulate cortex (dPCC) connectivity and stronger putamen-motor/ premotor cortical connectivity (Table 5 , Fig. 4.2) .
Globus pallidus connectivity
Group similarities (Fig. 3 , Suppl. Table 3 ) Testing the functional connectivity of the globus pallidus in PD patients and controls, we found overlapping connectivity for both groups to inferior prefrontal, insula, and entorhinal cortical regions during both rest and task, with additional connectivity to superior and middle temporal regions during rest.
Group differences (Fig. 4 , Tables 4 and 5) During task processing, PD showed less pallidum-prefrontal cortical connectivity than controls, also including the subgenual cortex and temporopolar area (Table 4) . For task>rest, a significant interaction effect revealed that PD, relative to controls, exhibited weaker pallidum connectivity to inferior prefrontal, anterior cingulate, orbitofrontal, subgenual, and temporal cortices (infPFC), to visual association cortices (VAA) involving fusiform and occipital gyri, and to medial temporal regions including the parahippocampal gyrus, perirhinal and pitiform cortices (Table 5 , Fig. 4.3) .
Thalamus connectivity
Group similarities (Fig. 3 , Suppl. Table 4) Testing the functional connectivity of the thalamus in PD patients and controls, we found overlapping connectivity for both groups to insula, cingulate, and prefrontal cortices during rest and task.
Group differences (Fig. 4 , Tables 4 and 5) During task processing, PD, relative to controls, showed more extended thalamus connectivity to posterior parietal cortices and to parahippocampal and subgenual regions, also including the hypothalamus (Table 4) . During rest, PD, relative to controls, showed stronger thalamus connectivity to posterior occipital and parietal regions including the posterior cingulate cortex (PCC) and precuneus, and weaker thalamus-prefrontal and thalamus-cerebellar connectivity. For task>rest, and using an uncorrected p-threshold, an interaction indicated weaker thalamus-cerebellum connectivity in PD than controls (Table 5 , Fig. 4.4) .
Compensation or dedifferentiation? Relationships to performance
Caudate By correlating connectivity strength with performance, we tested the compensation vs. dedifferentiation hypothesis, i.e., whether BG-and thalamo-cortical network engagement during task processing in mild PD, that is not observed CTL, is related to better vs. worse performance; and whether less resting-state neural network engagement in mild PD relative to CTL is related to performance decrements and more severe PD symptoms (Fig. 4) .
Striatum
Caudate (kursive) In PD, relative to controls, task-related caudate connectivity correlated with performance: Stronger caudate-precuneus connectivity correlated with larger Stroop effects for response switching blocks (Rho=0.82*, p=0.002) due to processing interference from incongruent Stroop words (Rho=0.72*, p=0.013). Similar relationships were observed for stronger caudate-prefrontal cortex connectivity that correlated with larger Stroop-match effects during response switching (Rho=0.66, p=0.024). PD as a group showed weaker caudate-SMG connectivity than controls. Within the patient group, those with weaker connectivity had smaller Stroop-match effects (Rho=0.66, p=0.024) due to less benefits from correct color cueing in congruent trials during response switching (Rho=−0.82*, p=0.002). Also during response repetition, weaker caudate-SMG connectivity correlated with smaller Stroopmatch effects (Rho=0.66, p=0.024), and here the relationship was driven by less interference from the incongruent word content (Rho=0.83*, p=0.002) (Fig. 4.1) . Further, a moderate relationship was observed between weaker caudate-SMG connectivity and greater UPDRS motor symptom scores (Rho=−0.65, p=0.029).
Putamen Stronger task-related putamen-motor/premotor connectivity in PD correlated with greater Stroop-RR effects (Rho=0.70*, p=0.016). During rest, stronger putamen-dPCC connectivity moderately correlated with smaller Stroop-RS effects (Rho=−0.61, p=0.047) (Fig. 4.2 ).
Globus pallidus
For task processing, weaker pallidum-inferior PFC connectivity in PD correlated with smaller Stroop-nonmatch effects during response switching (Rho=0.60, p=0.05) and repetition (Rho=0.66, p=0.026); these relationships were driven by less benefit from congruent trials for response switches (Rho=−0.82*, p=0.002) and by less interference from incongruent trials for response repetitions (Rho=0.72*, p=0.015). Furthermore, weaker pallidum-PFC connectivity correlated Fig. 4 Differences in functional seed-to-voxel BG-and thalamo-cortical connectivity during the resting-state (REST), the task-activated (TASK) fMRI runs, and task-rest modulation, between PD patients and controls (CTL) with less UPDRS motor symptoms (Rho=0.70*, p=0.016).
For the resting-state, stronger pallidum-VAA connectivity in PD correlated with smaller Stroop-nonmatch effects (Rho= −0.86*, p=0.001), and stronger pallidum-fusiform connectivity correlated moderately with smaller Stroop-match effects (Rho=−0.68, p=0.021) during response repetitions (Fig. 4.3) . In addition, stronger pallidum-cerebellar (area IX) connectivity correlated with higher UPDRS daily living (Rho=0.71, p=0.015) and motor symptom scores (Rho= 0.77, p=0.006), and with more depressive symptoms (BDI) (Rho=0.80, p=0.003). For task>rest, stronger pallidum-fusiform connectivity in PD correlated with higher UPDRS daily living (Rho=0.65, p=0.030) and motor symptom scores (Rho=0.83, p=0.002).
Thalamus
For the resting-state, weaker thalamus-prefrontal connectivity in PD correlated with greater Stroop effects during response repetitions (Rho=−0.69, p=0.019) with more interference from incongruent trials (Rho=−0.72, p=0.013), and the greater thalamus-PCC connectivity in PD correlated with greater Stroop-match effects during response switching (Rho=0.61, p=0.047) due to more interference from incongruent trials (Rho=0.69, p=0.019) (Fig. 4.4) . In addition, stronger task-activated thalamus-precuneus connectivity in PD correlated with higher LEDD (Rho=0.72, p=0.013).
Whole brain analysis of LEDD effects on BG connectivity in PD
Analyzing effect of LEDD on functional connectivity in PD using LEDD as second-level covariate in the withingroup whole brain analysis (conn toolbox) revealed effects of LEDD on BG connectivity (Supplement Table 5 ). Striatum (caudate, putamen): Stronger striatal-prefrontal cortical connectivity (rest and task) and weaker caudate-cerebellar connectivity during task processing was related to higher LEDD. Thalamus: At rest, stronger thalamus-somatosensory and weaker thalamo-prefrontal cortical connectivity was related to higher LEDD. During task processing, stronger thalamus-insula connectivity was associated with higher LEDD.
Discussion
PD patients at mild to moderate stages of the disease showed near normal Stroop Match-to-Sample task performance with similar cognitive interference during response switching but greater interference during response repetitions compared 5.31
Bold data indicate the peak t-value of the total cluster with k voxels PD Parkinson Disease patients, CTL control participants, T Task, R rest, BA Brodmann area with controls. Thus, cognitive performance was influenced by motor response demands, differently in PD from controls. As expected, Stroop effects were greater for response switching than repetition indicating higher conflict for response switching conditions in both groups (Steinhauser and Hübner 2009) ; by contrast, response repetition attenuated interference from incongruent trials, almost eliminating Stroop conflict in controls (Fig. 1) . Such 'conflict adaptation' with repetition, a phenomenon previously observed in healthy subjects (e.g., Kim et al. 2014; Wang et al. 2014) , was also observed in PD, yet to a significantly lesser extent suggesting alterations in the automatic sources of sequential adaptation for motor response selection with repetition (e.g., Jiménez and Méndez 2013) in the presence of cognitive conflict. This can be partly explained by general motoric slowing in PD (Fig. 1a) and by an impaired adaptation of motor response selection, i.e., less benefit for incongruent trials, when motor commands repeat (Fig. 1b) .
In the response-switching condition of the Stroop task, a significant negative correlation with the UPDRS-II symptom severity confirms the role of executive functions, as tested with our paradigm, for quality of daily living (Koerts et al. 2011) . It is noteworthy that the UPDRS-II represents a good comparison score for the severity of disease in daily life and correlates with the UPDRS-III motor scores OFF medication (Stebbins and Goetz 1998; Vassar et al. 2012) . Together, symptom severity in motor and daily living functions and longer time since diagnosis explained over 70 % of the variation observed in PD patients in their ability to exert executive control in a Stroop task with changing response demands (Stroop-RS). Specifically, patients with higher UPDRS-II scores did not show the cognitive benefit pattern that is typically observed when the cue color matches the color of a congruent Stroop word.
With repetitive response demands, over 50 % of the variance in Stroop-RR performance in the PD patients was explained by motor symptom severity and LEDD indicating that dopaminergic medication and motor ability together affect automatic response adaptations in cognitive tasks. Automaticity of response selection with repetition is a basic component of motor learning, permits saving of resources (SanchezLopez et al. 2014) , and plays an essential role in neuronal computational processes underlying controlled and automatic aspects of motor behavior (Wu et al. 2014 ) and cognition (Lebedev et al. 2014) . PD patients with more severe UPDRS-III motor symptoms showed less interference from incongruent Stroop word information in the easiest task condition, i.e., cue-color match trials with response repetition, which suggests that with more severe motor symptoms less resources were available to process cognitive information such as color-word incongruency in a color matching task (Schulte et al. 2011) , potentially due to alterations in basal ganglia-frontal cortical circuitry in PD (Camicioli et al. 2009 ).
Basal ganglia-thalamo-cortical functional networks Overall, our findings show functional task-activated BG network differences in mild PD patients that have behavioral correlates indicative of compensation and resource availability. By contrast, resting-state connectivity pattern in PD, i.e., for the BG (caudate, putamen, and globus pallidus), but not the thalamus, was consistent with a pathophysiological view of intrinsic BG circuitry expansion.
Basal ganglia circuitry The caudate plays a key role in planning and goal-directed behavior (Grahn et al. 2008; Ryan et al. 2013 ). In the resting-state, PD had more extended caudate functional connectivity to the thalamic and insula regions, and less connectivity to premotor, motor and somatosensory regions, which corresponds to the clinical manifestations of PD (Hacker et al. 2012) . However, during the Stroop task, PD patients showed weaker caudate connectivity to left temporoparietal regions and a trend to more prefrontal connectivity compared with controls. The degree of caudatecortical synchrony during task processing was associated with greater Stroop effects that resulted from greater benefits from congruent information and resource availability for processing interference. Consequently, greater Stroop effects were associated with less severe PD symptoms. Thus, the temporal-tofrontal shift in striato-cortical connectivity during task engagement in mild PD patients may signify a compensatory process that enabled adequate executive control over conflicting response systems (Harrison et al. 2005 ).
The putamen is relevant for movement regulation (Alexander et al. 1990 ) but plays also a role in verbal learning, executive functioning, and working memory (Hartberg et al. 2011) . The observed weaker putamen-anterior prefrontal cortical connectivity during rest in PD patients could reflect difficulties PD patients have in initiating movements and flexibly changing motor output (Playford et al. 1992) . During task processing, however, stronger putamen-motor/premotor cortex connectivity was associated with greater Stroop effects during response repetitions. Considering that greater Stroop effects were related to less PD severity, this result may suggest that at less severe stages of the disease PD patients can adapt frontostriatal cortical networking to accommodate interference processing when resources become available as motor commands repeat.
Within the basal ganglia-cortical network, the globus pallidus is a structure that receives striatal outputs and has been implicated in converging the divergent striatal-cortical signals from the neocortex and sending processed information to frontal cortex areas that have been implicated in motor planning and execution, and cognitive control (Graybiel et al. 1994; Bhatia and Marsden 1994; Kim et al. 2008; RodriguezOroz et al. 2009 ). An interaction effect indicated that specifically pallidum connectivity is differently modulated by task-rest conditions in PD than controls. Relative to controls, PD patients demonstrated weaker pallidum connectivity to prefrontal and occipital cortical regions during the task than when resting. Decreased basal ganglia-prefrontal resting-state connectivity was previously observed in PD and associated to more severe disease states (Wu et al. 2012 ) and in our study, to poorer Stroop task performance. Our results further suggest a role of pallidal resting-state connectivity to cerebellar regions for both disease severity and depressive symptoms, a common symptom in PD (Kirsch-Darrow et al. 2006) . Thus, compromised rest-task modulation of pallidum connectivity in mild PD may reflect neural disturbances of wide-spread functional networking that underlie motor symptoms, and can also subserve mood states, and daily living functions. Notably, the intrinsic restingstate patterns of BG network connectivity were more deviant (from controls) in PD patients with greater disease symptom severity; and this stronger resting-state connectivity, i.e., between pallidum-occipital and also putamenmedial parietal cortices, in turn correlated with worse Stroop performance. Here, the association of resting-state connectivity with poorer performance and more severe clinical symptoms supports a pathophysiological view of BG intrinsic circuitry expansion in PD. By contrast, the association of stronger task-evoked BG connectivity to additional regions with milder PD symptoms and better performance suggests a compensatory neural mechanism and brain functional resource availability.
Thalamus circuitry Within basal ganglia-thalamo-cortical circuits, the thalamus has been considered a 'center of integration of networks' (Haber and Calzavara 2009 ) with segregated thalamic nuclei projecting to medial prefrontal, amygdala and hippocampus forming limbic-thalamic loops (Amaral and Cowan 1980; Norita and Kawamura 1980) , to primary motor and sensory cortices forming motor-thalamic loops (Matelli et al. 1989) , and to dlPFC, orbitofrontal, and anterior cingulate cortices forming 'cognitive' fronto-thalamic loops (Giguere and Goldman-Rakic 1988) . The resting-state thalamic-cortical connectivity pattern showed stronger thalamus connectivity to posterior occipital and parietal regions, including the PCC/precuneus, a major node of the resting-state selfreferential network, and weaker thalamo-prefrontal connectivity in PD than controls, and here the deviation from normal connectivity was associated with better Stroop performance. Thus, the differential thalamo-cortical connectivity during rest in PD relative to healthy controls may reflect a redistribution of intrinsic functional resources that may have played a role in sustaining executive control function (see also, Buhmann et al. 2005; van Nuenen et al. 2012) . Specifically, stronger thalamus-PCC connectivity together with weaker thalamusprefrontal connectivity during the resting-state may reflect a compensatory response within self-referential networks (van Nuenen et al. 2012) with the potential to provide resources for task performance. With its several parallel and segregated motor, limbic, and cognitive loops, and its connectivity to the striatum (Haber and Calzavara 2009 ), the thalamus is well positioned to reconcile functional subcortico-cortical networking to compensate for neural compromise in PD.
From an anatomical view, normal motor function is achieved by the interaction of two different basal ganglia-cortical functional loops, a fast 'direct' pathway and a slow 'indirect' midbrain-striatal-pallidal-thalamo-cortical pathway (Nambu et al. 2002) . PD is associated with an upregulation of the indirect and down-regulation of the direct motor pathway. For example, during rest we observed stronger caudate-thalamocortical connectivity and weaker caudate-motor cortical connectivity, potentially reflecting patterns of 'up' and 'down' regulation in the synchronization of striatal-thalamic and striatal-motor cortex activity. Yet, differences in functional connectivity may not necessarily indicate differences in anatomical connectivity, and the reduced basal ganglia-cortical connectivity during rest was not restricted to motor cortical regions but involved prefrontal, parietal and extrastriate cortices as well (Boehler et al. 2011; van Nuenen et al. 2012) .
During Stroop task processing, thalamus-precuneus connectivity was related to levodopa-equivalent daily dose in PD patients suggesting some influence of dopaminergic medication on the synchronization of activity within thalamic loops. In healthy subjects, dopaminergic medication can both increase and decrease connectivity (Honey et al. 2003) , while in mild PD dopaminergic medication was found to decrease striatal-thalamic resting-state connectivity (Kwak et al. 2010) . Considering the thalamus as 'center of integration of networks' (Haber and Calzavara 2009) and the precuneus as the functional core of the default mode network that is typically inversely connected to other network regions for rest versus task processing states (Utevsky et al. 2014) , it could be speculated that dopaminergic medication can modulate rest-task dynamic synchronization within thalamic loops.
A limitation of our study is that we did not test our PD patients' off-medication, a state in which decreased functional connectivity in the SMA has been observed in comparison to normal subjects (Wu et al. 2009 ). Dopaminergic medical treatment, i.e., with levodopa, reduces Parkinson symptoms and provides best possible motor performance levels to patients. Accordingly, increased functional connectivity of the sensorimotor network has been reported, especially in drugnaive PD patients (Esposito et al. 2013 ). Although we do not claim that simple correlations can grasp the complex effect of dopaminergic medications on the cognitive and sensorimotor networks, we found indication that higher levodopaequivalent daily dose is related to greater activation synchrony between thalamus-precuneus, which points to a subtle and positive impact of LEDD. The positive effect of LEDD on synchronizing thalamus-somatosensory cortical activity in PD patients was confirmed in an independent whole brain covariate analysis that also revealed an effect of LEDD for stronger striatal-prefrontal synchrony. Behaviorally, LEDD was associated with faster response latencies for the easiest condition during Stroop task performance. Thus, this study provides preliminary evidence for dopaminergic effects on striatofrontal and thalamo-somatosensory network synchrony and behaviorally, for dopaminergic effects on fast response execution for more automatic, i.e., repetitive and no-conflict, processes that do not rely on executive control. Although the brain data reported herein met high statistical standards corrected for multiple comparisons for testing network similarities and differences, a limitation of the current study is the relatively small sample size, a common problem in neuroimaging studies (see also Desmond and Glover 2002) , especially those of neurodegenerative disorders. Although seed-to-voxel connectivity approaches allow examining the dynamic reconfiguration of brain networks, e.g., of the basal ganglia, we cannot rule out that the observed pattern of resting-state and task-activated connectivity dynamics in PD and controls are mediated by other unidentified regions.
Our findings support the view that weak synchrony of resting-state basal ganglia-cortical networks may play an important role in the pathophysiology of motor and cognitive symptoms in PD (Baudrexel et al. 2014; Li et al. 2007) . By contrast, for task engagement enhanced BG-cortical connectivity at an early stage of the disease may serve a compensatory role in PD patients (see e.g., Fling et al. 2014 ) with potential relevance for estimating disease progression in motor and cognitive function. Use of functional MRI with network analysis appears to be a useful method to test the dynamic modulation of network synchronization during rest and in response to cognitive and motoric task demands in PD. Longitudinal studies are warranted to test the predictive value of the observed patterns for disease progression.
